Substrate specificity tests were used to identify the presence of laccase in two strains of Leptosphaerulina briosiana (Poll.) Graham and Luttrell, an ascomycete which causes leaf spot in alfalfa. Cytochemical localization of monophenol monooxygenase (laccase) as well as the ultrastructures of the two strains were investigated. Laccase was observed in the outer layers of the cell walls of both strains. The ultrastructures of vegetative hyphae of both strains were typical of those found in most ascomycetes.
Histochemical localization of monophenol, dihydroxyphenylalanine:oxygen oxidoreductase (EC 1.14.18.1) (laccase), formerly known as phenol oxidase, was first accomplished by Becker et al. (1) and has been applied to electron microscopy by Novikoff et al. (27) . Since their initial success with electron microscopy, various phenol oxidases (5, 30, 31) , including tyrosinase (7, 8, 28, 29) , have been localized in higher plants by cytotochemical techniques. Using modifications of the technique of Czaninski and Catesson (5), we localized laccase within the ascomycete Leptosphaerulina briosiana, the causative agent of leaf spot in alfalfa. The ultrastructure of this fungus has not been previously reported. Since interpretation of enzyme localization requires an understanding of normal cytology, considerable attention was initially devoted to ultrastructural studies. These are reported herein, before cytochemical information.
MATERLALS AND METHODS
Cultures and culture conditions. L. briosiana (Pollaci) Graham and Luttrell strain KSB, which is black (isolated by D. S. Bishop from Medicago sativa), and a white UV-induced phenotype of this strain, M-111, were grown on 2% V-8 agar (25) for 6 days under 100 footcandles (ca. 10,760 lx) of light at 23°C in plastic petri dishes. Spores collected on the dish covers after this time were washed from the surfaces with sterile water. They were inoculated into 50 ml of Westergaard and Mitchell minimal medium (36) with modifications (1 g of KNO3; 1 g of KH2PO4 * 7H20; 1 g of MgSO4 -7H20; 0.1 g of NaCl; 0.1 g of CaCl2; 1 ml of trace elements containing 1 x 10' M FeC13, 1 x 1i-0 M ZnSO4, 1 .5 x 10-3 M MnCl2, and 1.2 x 10-3 M CaCl2; and 20 g of sucrose per liter) and were placed on a Gyrotory shaker (New Brunswick, model G10) at 170 rpm and 23°C. Cultures were harvested after 2 days of growth for all electron microscopy studies and after 2 and 6 days for spectrophotometric assays (the latter time represents maximum enzyme activity [unpublished data]).
Assay for laccase. The procedure of Horowitz and Shen (15) was used for the extraction of laccase from the mycelia, except that 4 ml of cold cacodylate buffer, pH 6.0, was used per g (wet weight) of mycelium and the homogenate was centrifuged, at 15,000 x g for 10 min. The supernatant was used as the source of crude enzyme.
Laccase activity was determined spectrophometrically as described by Fling et al. (11) . A Turner model 330 or Beckman model BD-GT spectrophotometer set at 475 nm was used for routine assays with 3-(3,4-dihydroxyphenyl)-DL-alanine (DOPA). Reaction cuvettes which contained 0.25 ml of crude enzyme extract and 1.75 ml of 0.1 M cacodylate buffer, pH 6.0, were adjusted to 30°C in a water bath (optimal pH and temperature for KSB and M-111 laccase [unpublished data]). To this was added 0.5 ml of DOPA previously incubated at 30°C. In addition, L-tyrosine, p-cresol, hydroquinone, catechol, and N,N-dimethylp-phenylenediamine were used to determine substrate specificity of the enzyme on 6-day mycelial extracts. All substrates were dissolved in 0.1 M cacodylate buffer, pH 6.0, at 4 mg/ml except L-tyrosine, which was at 0.4 mg/ml. Only L-tyrosine and DL-DOPA were used on 2-day extracts due to the small quantity of mycelium obtained. Assay time was (Fig. 2 ). Structures associated with the pore were Woronin bodies and endoplasmic reticulum (Fig. 2) , as well as lomasomes, which were frequently observed in septal areas and were pri- (Fig. 3) . Small vesicles (Fig. 4) , sometimes containing electron-dense areas, could be observed (see also Fig. 9 ). Aggregation of smooth vesicle membranes could also be seen in the cytoplasm (Fig. 5 and 6 ), probably associated with endoplasmic reticulum (2, 34) . Many cells also contained lipid vesicles (Fig. 6) . Small particles, with a mean diameter of 44 nm, were found free in the cytoplasm (Fig. 7) , as well as within the nucleus (Fig. 8) . The intranuclear particles were usually surrounded by an electron-dense material (seen more clearly in Fig.  10 ). Multivesicular bodies with varied organizational patterns occurred, some having a myelinlike structure (Fig. 9 , see also Fig. 6 ) or associated with electron-dense products (micrograph not shown).
Cytochemical localization of laccase. The outer walls of L. briosiana strain KSB treated with DOPA ( Fig. 10 ) contained an electrondense reaction product, whereas buffer controls had no reaction product in the wall (Fig. 11 ).
Catalase controls (Fig. 12 ) also had darkened outer walls. Micrographs of cells treated with sodium azide or Pronase before DOPA incubation and those of cells treated directly with tyrosine were similar to buffer controls in density (micrographs not shown). The walls of Pronase-treated cells were more loosely arranged and fibrous in appearance than were buffer controls. Micrographs of strain M-111 incubated in DOPA and all controls were the same as those for strain KSB and are not shown here for the sake of brevity. DISCUSSION Substrate specificity tests of 6-day mycelial extracts indicate that the enzyme of strains KSB and M-111 did not oxidize monophenols (L-tyrosine and p-cresol) but did oxidize an o-phenol (DOPA) and a p-diamine (N,N-dimethyl-pphenylenediamine). Two-day mycelial extracts also oxidize DOPA, but not L-tyrosine. This indicates that the enzyme is the phenol oxidase laccase (18) . Since this enzyme is present in mycelial extracts, we examined the ultrastructure of controls and cells incubated with DOPA to localize laccase within cellular organelles.
Ultrastructure. Cellular structures observed in L. briosiana strains KSB and M-111 are typical of vegetative mycelia of ascomycetes.
Four cell wall layers are more obvious in DOPAtreated cells (Fig. 1) ; however, buffer controls have three distinct layers (Fig. 11) . The number of wall layers of the ascomycete N. crassa likewise varies, depending on the method of culture J. BACTERIOL. and fixation (6, 24) . Traditional fixation with glutaraldehyde and OS04 results in a multilayered wall which may reflect differences in orientation or composition of the lamellae in L. briosiana strains.
The function of the membrane complex and multivesicular bodies in L. briosiana strains has not been determined, but they frequently appear near the walls (Fig. 1, 6 , and 9) or septa (Fig. 2) . The dense body vacuoles (Fig. 9) presumably contain glycolipids or glycoprotein (2) .
The Woronin bodies observed near the pore area (Fig. 2 ) may serve as septal plugs, as has been reported for other ascomycetes (4, 22, 32) . Endoplasmic reticulum found in septa of L. briosiana (Fig. 2) has also been reported in the pore area of Ascodesmis sphaerospora (4) .
One noteworthy feature frequently seen in the nuclei of L. briosiana strains is the presence of 44-nm spherical bodies (Fig. 7, 8 , and 10). Some of the bodies contain electron-dense material, whereas others do not. The possibility that these bodies represent nuclear pores in tangential section has been examined. Each micrograph that contained these structures had particles of uniform size, and oblique sections were never observed. Despite the fact that the nuclear membrane is not clearly in focus near the large cluster of particles in Fig. 10 , it is clearly in focus near the smaller clusters in the same cell. Apparently, the cross section of the membrane does not appear clearly in focus when tangential sections of the nuclear pores are seen (13) . Similar particles of the same size could also be observed in the cytoplasm (Fig. 7) . For these reasons, these may not be nuclear pores but rather virus-like bodies. If they are virions, the particles are noteworthy because of their presence within the nucleus. Similar intranuclear particles were found in the yeast form of Histoplasma capsulatum (20) and were proposed to be virus-like particles. Intranuclear RNA mycoviruses have recently been reported to be found only in differentiating gametophytic hyphae and gametangia of Allomyces arbuscula (33) . Two-day mycelia of the Leptosphaerulina strains used in this study contain only vegetative hyphae. The cytoplasmic inclusion in Fig. 9 (double arrowhead) seems to be unique to Leptosphaerulina. This structure, with no limiting membrane, consists of longitudinal fibers, more or less parallel, and circular elements which appear to have hollow cores. The latter are probably transectional views of the longitudinal fibers. This is similar to the description given for the P-body of higher plants (9) or the X-body (10) associated with tobacco mosaic virus. The cytoplasmic inclusion also resembles the nuclear inclusion observed within oospheres of Phyto- phthora capsici, except these inclusions do not appear to have a hollow core (14) . Cytochemistry. Histochemical localization of phenol oxidases in cellular ultrastructures involves oxidation of o-diphenols to the corresponding p-quinones, which readily cross-link among themselves and then form reaction products with OS04 (or react directly with OS04), resulting in an insoluble electron-dense region (5) .
Spectrophotometric tests to determine if 5% buffered glutaraldehyde inhibits enzyme activity resulted in little loss of laccase activity when compared with controls. In addition, no detectable enzyme activity was observed spectrophotometrically in the 5% glutaraldehyde fixative or subsequent mycelial washes. These data indicate that glutaraldehyde is a good fixative for laccase of Leptosphaerulina because of the minimal effect on enzyme activity and its apparent immobilization of the enzyme within the tissue.
The reaction product observed in stained and unstained sections of DOPA-treated cells ( Fig.  10) indicates that the product of DOPA oxidation apparently complexes with OS04 and is not due to nonspecific reactions with the stains used. Since the reaction product was localized in the outer wall, the possibility that the thick walls were impenetrable to the substrate was considered. Initial results with unfixed cells and ultracryotomy followed by incubation of ultrathin sections directly in DOPA have also shown the reaction product localized in the wall area only (micrographs not shown).
In addition to the reaction product in the walls, both DOPA-treated cells (Fig. 9 ) and buffer controls (Fig. 11 ) contain vacuoles with darkened reaction products. These darkened products have been attributed to glycoprotein or glycolipid in many fungi (2) . For these reasons, laccase is considered to be localized only in the wall area. Localization of laccase in the wall of Leptosphaerulina is unique, since other phenol oxidases have been reported only in thalakoids of chloroplasts from tobacco, plastids of potato tubers (5), and mitochondria of spinach beets (30, 31) . Cells were pretreated with catalase to remove hydrogen peroxide, thus preventing peroxidase activity and potential nonspecific oxidation of DOPA (29) . The reaction product in the outer wall is evident in the absence of hydrogen peroxide; therefore, it is not due to peroxidase activity (Fig. 12) . Control cells pretreated with sodium azide or Pronase or incubated directly in tyrosine resulted in micrographs which looked similar to the buffer control (e.g., Fig. 10 ). This indicated no reaction product in the outer walls of these controls. The tyrosine control supports 2-day spectrophotometric assays which resulted in the absence of enzyme activity.
Tests have shown that the reaction product is not formed in the presence of tyrosine, is formed in the absence of peroxidase activity, is sensitive to azide, and is destroyed by Pronase. These data, in addition to substrate specificity tests, indicate that the reaction product in the outer wall of L. briosiana strains is caused by laccase.
The fact that laccase is localized only in the outer walls and is not found in the cytoplasm is curious. A possible explanation could be that the concentration of enzyme within the cell is too low to be detected by the cytochemical techniques used or that the enzyme could be assembled into its active form when deposited in the outer wall.
Recent reports indicate that the phenol oxidase laccase is associated with a carbohydrate moiety in Neurospora (12) . Protein has been identified as a structural wall component of the ascomycete N. crassa, which is bound in a glucan-peptide-galactosamine complex (23, 24) . Localization of laccase in the outer wall layers of the ascomycete L. briosiana is made more tenable by these previous data. It is interesting to speculate on the relationship between the location of this phenol oxidase in the wall and its biological function. The biological role of laccase is still unknown, although it has been associated with plant pathogenicity (16, 35) and with the degradation of plant residues in nature (17, 19) . If, in fact, these biological functions are a reality, a convenient place for the enzyme would be in the outer wall layer of this phytopathogenic ascomycete. 
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